Palladium and its alloys have a wide range of applications both in the chemical industry and in instrument making. 1, 2 With the increasing use of palladium in jewellery and dentistry in the form of alloys, a need arises for the development of simple and rapid methods for the quantitative determination of palladium in its alloys.
The solvent extraction of precious metals has been widely employed in chemistry and industry for many years. This is one of the most widely used methods for the separation of palladium from aqueous solutions because of its inherent simplicity. 3 For the determination of palladium at micro levels, there are several frequently adopted methods using analytical techniques, such as AAS, ICP-AES, ICP-MS, X-ray fluorescence spectroscopy, spectrophotometry, spectrofluorometry and such other techniques. Among these, spectrophotometric methods are preferred because they are cheaper and easier to handle but with comparable sensitivity.
Among various organic analytical reagents containing sulfur and nitrogen as donar atoms, thiosemicarbazones occupy a unique place. Although thiosemicarbazones are used as complexing agents in the spectrophotometric and extractive spectrophotometric determination of various metal ions, only a few thiosemicarbazones have been used for the extractive spectrophotometric determination of palladium(II). [4] [5] [6] All of these methods are less sensitive, also the chloroform used for extraction in some of these methods is considered to be hazardous. When compared with already reported extractive spectrophotometric methods, the present method is relatively more sensitive. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The method also has the advantage of higher selectivity in the presence of EDTA. A comparative account of BDTSC with other reagents for palladium(II) is given in Table  1 . In the present paper a simple and highly sensitive method is reported for the extractive spectrophotometric determination of trace amounts of palladium(II) by complexing with benzildithiosemicarbazone (BDTSC). The reagent forms a reddish-brown complex with palladium(II) in an acid medium (pH 2.0 -3.0), which is easily extractable into methylisobutylketone. Hence, a systematic study has been made to develop an extractive spectrophotometric method for the determination of micro amounts of palladium in synthetic mixtures and hydrogenation catalysts.
Experimental

Reagents
All of the reagents used were of analytical reagent grade, unless otherwise stated.
Preparation of a stock solution of palladium chloride
First, 1.664 g of palladium chloride was dissolved in a minimum amount of 2 mol dm -3 hydrochloric acid solution in a liter volumetric flask, and was finally up to the mark with an identical normal hydrochloric acid solution. This stock solution was standardized gravimetrically using dimethylglyoxime. 19 More dilute solutions were prepared by diluting the stock solution suitably.
Synthesis of benzildithiosemicarbazone
Benzildithiosemicarbazone (BDTSC) was synthesized and A simple and highly sensitive method was developed for the extractive-spectrophotometric determination of palladium with benzilidithiosemicarbazone. The metal ion formed a reddish brown complex with benzildithiosemicarbazone in a potassium chloride-hydrochloric acid buffer of pH 2.5, which was easily extractable into methyl isobutyl ketone. The 1:1 complex showed the maximum absorbance at 395 nm with a Beer's law range of 0.25 -3.5 ppm. The molar absorptivity and Sandell's sensitivity were found to be 3.018 × 10 4 dm 3 mol -1 cm -1 and 0.0035 µg cm -2 , respectively. The correlation coefficient of the Pd(II)-BDTSC complex was 0.998, which indicated an excellent linearity between the two variables. The repeatability of the method was checked by finding the relative standard deviation (RSD) (n = 10), which was 0.46%. The instability constant of the complex calculated from Edmond and Birnbaum's method was 2.41 × 10 -5 , that of Asmus' method is 2.53 × 10 -5 at room temperature. The interfering effects of various cations and anions were studied. The proposed method was successfully applied to the determination of palladium(II) in synthetic mixtures and hydrogenation catalysts. The validity of the method was tested by comparing the results with those obtained using an atomic absorption spectrophotometer. recrystallized as reported by Krishna et al. 20 To a refluzing mixture containing 50 cm 3 of methanolic benzil (0.42 g) and 50 cm 3 of aqueous thio semi carbazide (0.365 g) solutions, 3.0 cm 3 concentrated hydrochloric acid was added. The reaction mixture was kept on a hot-water bath for about 30 min. An obtained light yellow-colored product was separated by filtration and dried. The product was recrystallized from ethyl alcohol. The purity of the reagent was checked by ascertaining the melting point and elemental analysis (melting point, 234 -236˚C, yield, 63%). A 0.1 mol dm -3 stock solution was prepared by dissolving 3.24 g of BDTSC in 40% aqueous dimethyl formamide.
Preparation of sample solutions
Different synthetic mixtures containing palladium were prepared by combining with commonly associated metal ions in definite compositions.
Buffer solutions
After 0.5 mol dm -3 hydrochloric acid and 0.5 mol dm -3 potassium chloride solutions were prepared in double distilled water, suitable portions of solutions of these were mixed to obtain the desired pH.
Apparatus
A recording spectrophotometer (Model SHIMADZU UV-240), supplied by SHIMADZU Corporation, Japan was employed in photometric studies. A Hitachi Model 170-30 atomic-absorption/flame spectrophotometer, manufactured by Hitachi Ltd., Tokyo, Japan was for a comparison of results of samples. A digital pH meter (Model LI-120 Elico) was used for measuring the pH of solutions.
Recommended procedure
Known aliquots of 10.0 cm 3 solutions, each containing constant volumes of 3.0 cm 3 of buffer solution (pH 2.5), 2.0 cm 3 of mol dm -3 magnesium sulfate, 3.0 cm 3 of 9.385 × 10 -4 mol dm -3 BDTSC and different amounts of palladium(II) (2.5 to 5.0 µg), were prepared. Each solution was shaken with two 5.0 cm 3 portions of methyl isobutyl ketone for 30 s. Both organic phases were mixed and the reddish-brown color organic phase was dried with anhydrous sodium sulfate. The absorbances of the organic phases were measured at 395 nm against a reagent blank prepared in the same manner.
Results and Discussion
Palladium(II) reacts with benzildithiosemicarbazone (BDTSC) in potassium chloride-hydrochloric acid buffer (pH 2.5) and gives a reddish-brown complex, which is easily extractable into methyl isobutyl ketone. The complex has maximum absorption at 395 nm and is stable for 36 h. The influence of various factors like the pH, concentration of the reagent, choice of solvent and salting-out agent on, the extractability of palladium complex have been studied. The composition of the complex has been established as 1:1.
Absorption spectra
An aliquot of 1.5 cm 3 of 1.877 × 10 -6 mol dm -3 palladium(II) solution was transferred to a 25 cm 3 standard flask and made up to the mark with methyl isobutyl ketone. The absorption spectrum of the complex was recorded against a reagent blank. Similarly, the absorption spectrum of the reagent and the complex are shown in Fig. 1 . The obtained spectra reveal that the Pd(II)-BDTSC complex and the reagent have the maximum absorbance of 395 nm and 320 nm, respectively. The reagent has a minimum absorbance at the maximum absorbance of the complex, and hence does not interfere with the determination of palladium. Thus, further absorbance measurements of the complex were made at 395 nm.
Effect of the pH
The effect of the pH on the extraction of Pd(II)-BDTSC complex into the organic phase was studied to order to find a suitable pH that can be adopted in this determination. The buffers used in this study were hydrochloric acid-potassium chloride (pH 1.0 -2.6), sodium formate-formic acid buffer (pH 2.6 -3.4) and sodium acetate-acetic acid buffer (pH 3.4 -4.4). In each case, a mixture containing 25.0 ppm of Pd(II), 2.5 cm 3 of suitable buffer and 2.5 cm 3 of 0.9385 × 10 -5 mol dm -3 BDTSC solutions was taken and the volume was adjusted to 10.0 cm 3 with double distilled water. It was shaken with 5.0 cm 3 of methyl isobutyl ketone for about 2 min and then allowed separate into two layers. The organic phase was collected into a 10.0 cm 3 standard flask and made up to the mark with methyl isobutyl ketone. The absorbances of the organic phases were measured at 395 nm against their reagent blanks. A plot between for pH and the absorbance is shown in Fig. 2 . It has been observed that the extraction of metal ion into the organic phase increases as the pH increases from 1.0, and remains constant from 2.0 -3.0. However, it falls from 3.0. Hence, hydrochloric acid potassium chloride buffer was used for further studies while considering 2.5 to be the optimum pH.
Effect of solvents
n-Amyl alcohol (45%), isoamyl alcohol (55%), n-butanol (66%), benzene (38%), carbon tetrachloride (35%), chloroform (60%), chlorobenzene (35%), cyclohexane (20%), cyclohexanol (40%), methyl isobutyl ketone (98%), nitrobenzene (30%), and n-propylacetate (45%), solvents were tried in the extraction of the Pd(II)-BDTSC complex. Among these, the solvent methyl isobuyl ketone was found to extract the complex effectively. Hence, methyl isobutyl ketone was selected for further studies.
Effect of the reagent concentration
The effect of the reagent concentration was studied by keeping 2.5 cm 3 of a 0.9385 × 10 -6 mol dm -3 palladium(II) solution and 2.5 cm 3 of pH 2.5 buffer solution constant. The volume of a 0.9385 × 10 -5 mol dm -3 reagent solution was varied from 0.25 to 4.0 cm 3 to obtain the maximum color development. The metal complexes extracted into 5.0 cm 3 of methyl isobutyl ketone in each case were made up to the marks of the flasks with methyl isobutyl ketone. The absorbances of the organic phases were measured at 395 nm against their respective reagent blanks. A plot between the absorbance and the reagent concentration is shown in Fig. 3 . The results showed that a tenfold molar excess of reagent to that of metal ions was necessary for the maximum extraction of the metal ion. Hence, a ten-fold molar excess addition of reagent was maintained for the maximum extraction of palladium(II).
Effect of a salting-out agent
Various salting-out agents, such as magnesium sulfate, lithium nitrate, lithium sulfate and aluminium sulfate, were tried to study the effect of metal complex extraction into the organic phase in single step. It was noticed that the presence of 2.0 cm 3 of 0.2 mol dm -3 magnesium sulfate facilitated the maximum extraction. Hence, palladium(II) could be quantitively extracted into the organic phase with magnesium sulfate as a salting-out agent and a ten-fold molar excess of reagent. The aqueous phase was tested with dimethylglyoxime, which confirmed the magnesium sulfate and varying volumes of palladium(II) solutions containing 2.5 to 50.0 µg were prepared. Each solution was shaken with two portions of 4.0 cm 3 of methyl isobutyl ketone, each time for about 2 min. Both organic phases were taken into a 10.0 cm 3 standard flask and made up to the mark with methyl isobutyl ketone. The absorbances of the organic phases were taken at 395 nm. A graph plotted between the amount of palladium(II) and its absorbance is shown in Fig.  4 . It can be observed from the graph that a linear plot passing through the origin obeys Beer's law in the range 2.5 -3.5 µg cm -3 of palladium(II).
Molar absorptivity, Sandell's sensitivity correlation coefficient
The molar absorptivity of the complex was calculated to be 3.018 × 10 4 dm 3 mol -1 cm -1 , and Sandell's sensitivity of the complex obtained from Beer's law data for D = 0.001 was 0.00353 µg cm -2 . The correlation coefficient of the Pd(II)-BDTSC complex was 0.998, which indicated an excellent linearity between the two variables.
Ringbom plot for the Pd(II)-BDTSC complex
A Ringbom plot is the established standard adopted to know the optimum range of concentration for a system that obeys Beer's law. A Ringbom plot is drawn between log C of Pd(II) and ( Hence, the relative error in the concentration is 0.02801 for a one percent photometric error.
Precision and accuracy of the method
The method has good reproducibility for a set of ten measurements with 1.5 µg cm -3 of Pd(II). The standard deviation (0.00194), relative standard deviation (0.46%), confidence limit (± 0.00138) and standard error (0.000646) for this method clearly indicate that the precision and accuracy of the method are good.
Instability constant of the Pd(II)-BDTSC complex
Edmonds and Birnhanm's method and Asum's method were employed to determine the instability constant of the complex. The absorbance values of the extracts were obtained at 395 nm by shaking the solutions with methyl isobutyl ketone, containing fixed volumes of Pd(II) (1.0 × 10 -5 mol dm -3 ) buffer (pH 2.5), and 0.2 mol dm -3 magnesium sulfate with different known volumes of 1.0 × 10 -5 mol dm -3 benzildithiosemicarbazone. The instability constant of Pd(II)-BDTSC complex was calculated to be 2.41 × 10 -5 at room temperature by Edmonds and Birnbanm's method. Among in Asmu's method the instability constant of Pd(II)-BDTSC complex was calculated to be 2.53 × 10 -5 at room temperature. This value is in perfect agreement with the value obtained by Edmond's and Birnbanm's method.
Composition of the Pd(II)-BDTSC complex
Job's method of continuous variation the molar ratio method and Asum's methods were employed to elucidate the composition of the complex. , pH = 2.5, λmax 95 nm. palladium(II), 2.5 cm 3 of buffer (pH 2.5) and 2.0 cm 3 of 0.2 mol dm -3 magnesium sulfate solutions and utilized to determine the metal-to-ligand ratio. The absorbances of the organic phases were recorded at 395 nm against their respective reagent blanks. A plot was drawn between the absorbance and the volume of the reagent. From the obtained curves it is noticed that one mole of the palladium(II) complexed with one mole of BDTSC. Finally, the composition of the complex was verified by Asmus. The experimental part of Asmu's method is similar to that of the molar-ratio method. A linear plot was obtained between 1/m and 1/v, where "m" is the extinction modules, which is calculated by dividing the optical density with the cell width and v is the volume of the reagent. This plot also confirms the metal to ligand ratio to be 1.1.
Effect of foreign ions
The effect of foreign ions on the extraction of 2.0 g cm -3 of palladium(II) was studied first, 2.0 cm 3 The interference of Cu(II), Ni(II), Co(II), Zn(II), and higher amounts of Fe(III) could be suppressed by using 1.0 cm 3 of 2% EDTA as a masking agent. Cd(II) was masked by using 1.0 cm 3 of a citrata solution. Silver(I) can be eliminated as silver chloride, prior to the extraction of palladium(II).
Applications
The proposed method has been applied for the determination of palladium(II) in synthetic mixtures and hydrogenation catalysts.
Determination of palladium(II) in synthetic mixtures
Various synthetic mixtures were prepared with different compositions of palladium(II) and analyzed employing the recommended procedure. The results are in perfect agreement with those obtained by direct atomic-absorption spectrometry. The result are given in Table 3 .
Determination of Pd(II) in hydrogenation catalysts
The developed extractive spectrophotometric method has been applied for the determination of palladium(II) in hydrogenation Pd-CaCo3, catalysts, like Pd-BaCo3, Pd-BaSo4 and Pd-C. About 0.3 g of the catalyst sample was transferred into a 250 cm 3 beaker, treated with 5.0 cm 3 of 2 M nitric acid and covered. When the evolution of the gas had diminished, 10.0 cm 3 of aqua regia was added and the solution was evaporated to near dryness on a sand-bath. The residue was dissolved in 5.0 cm 3 of 2.0 mol dm -3 nitric acid and diluted to 100 cm 3 with double-distilled water. Suitable aliquots of this solution were taken and analyzed for palladium as per the recommended general procedure. The results were compared with those obtained by atomic absorption spectrometry (Table 4) .
Conclusions
Benzildithiosemicarbazone has been proved to be a highly sensitive reagent of palladium(II) when compared to other spectrophotometric methods reported earlier. The method is more selective in the presence of EDTA, because many cations like Ni(II), Cu(II), Fe(II) and Co(II), if present, do not interfere in the extraction of palladium(II). It has been found that only a ten-fold molar excess of reagent in for presence of magnesium sulfate as salting-out agent is sufficient for the quantitative extraction of palladium(II). This method was successfully applied for the determination of palladium(II) in synthetic mixtures and hydrogenation catalysts. 
